A model experiment to understand the oral phase of swallowing is presented and used to explain some of the mechanisms controlling the swallowing of Newtonian liquids. The extent to which the flow is slowed down by increasing the viscosity of the liquid or the volume is quantitatively studied. The effect of the force used to swallow and of the gap between the palate and the roller used to represent the contracted tongue are also quantified. The residual mass of liquid left after the model swallow rises strongly when increasing the gap and is independent of bolus volume and applied force. An excessively high viscosity results in higher residues, besides succeeding in slowing down the bolus flow.
Introduction
Swallowing occurs about one thousand times per day to transport subconsciously saliva and to transport voluntarily food from the mouth to the stomach (Dodds, 1989) . Swallowing disorders, also known as dysphagia, can be the consequence of several pathologies, such as throat and neck cancer, stroke, de-5 mentia, or other neurodegenerative conditions. The higher prevalence among elderly subjects justifies increased attention in countries with aging populations.
Dysphagia management is crucial for providing adequate nutrition and hydration while minimizing the risk of choking, aspiration and resulting pulmonary diseases.
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Despite such importance, swallowing is still not fully understood, because it involves the complex, coordinated contraction of different muscles located in and around the tongue, larynx, pharynx and oesophagus. The bolus flow starts in the mouth under the pressure produced by the tongue surface, moving toward the hard palate. The pressure and the total work provided by the tongue 15 during the squeezing action of different jelly-type foods was recently studied (Yokoyama et al., 2014) and maximum pressures were measured in the range 5−40 kPa. Other groups (Nicosia et al., 2000; Youmans and Stierwalt, 2006) reported previously similar figures and highlighted also that pressure varies along the tongue position and is higher at the back. The mean peak tongue pressure 20 was also found to remain similar across different age groups, although maximum tongue strength was found to decrease with age (Youmans and Stierwalt, 2006; Utanohara et al., 2008) . Clavé et al. (2006) showed that brain damage or neurodegenerative conditions result in decreased tongue pressure, decreased bolus kinetic energy and increased transit time.
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The volume of the bolus swallowed was shown to vary with the viscosity of the food (Adnerhill et al., 1989) . For thin liquids, the volume ranges from 1 mL (saliva bolus) to 20 mL (cup drinking), and decreases when drinking hot fluids or sipping.
A simple theory, considering the transient motion of two rigid plates as a 30 model for the tongue and the palate, has been proposed to describe the fluid mechanics of bolus ejection from the oral cavity by Nicosia and Robbins (2001) .
This theory has highlighted that liquid density can potentially play an important role in swallowing. However, in that simple system, the tongue and the palate are separated by a spatially uniform gap that decreases with time and an infinite 35 time is needed to complete the ejection of the bolus. In turn, it is extremely difficult to perform any direct comparison with in vivo data.
To bridge the gap between theory and in vivo experiments in the field of mastication, Woda et al. (2010) developed an artificial masticator and studied in a controlled way the effect of the different process parameters, while overcoming 40 the difficulties linked to in vivo observations. Similarly, De Loubens et al. (2010) and De Loubens et al. (2011) proposed a simple pharyngeal peristalsis simulator and a numerical analysis to study the flow and the resulting coating thickness.
Numerical simulations were recently used to reproduce mastication and human swallowing, but the complexity of this free surface flow requires non-45 conventional algorithms such as SPH (Ho et al. (2014) ) or MPS (Kikuchi et al. (2015) ). Mackley et al. (2013) characterized the rheology of dysphagia thickeners and proposed for the first time a qualitative model experiment replicating tongue peristalsis. Our study proposes a quantitative model experiment to understand 50 swallowing and in particular the effect of bolus physical properties on the bolus transit time and the residues left during the oral phase of swallowing.
Materials and methods

Materials
Aqueous glycerol solutions are used in this study because they allow a wide 
Methods
To simulate the oral phase of human swallowing, we developed and optimized the mechanical model designed initially by Mackley et al. (2013) . The model experiment used in this study is shown in Figure 1 . The top rigid wall is a bidimensional approximation of a human palate, with a constant curvature along θ.
This experimental setup simulates two main actions of the tongue during swallowing . A roller, attached to a pivoting arm, mimics the contracted part of 70 the tongue, propelling the bolus. Its position during the experiment is defined by the angle θ (see Figure 1) . A thin, compliant tubing made of a dialysis membrane mimics the ability of the tongue at rest to hold the fluid in mouth.
When this is empty and flat, its width is w T = 23 mm and its thickness is 0.1 mm, including the adhesive tape. We define h the gap between the roller and 75 the palate and h' the initial gap between the roller and the tube, the difference being the membrane thickness. Before each experiment, the soft membrane is glued on the top rigid surface. The bolus is fed into the dialysis membrane via a syringe and pushed manually until the starting position.
The experiment used in the study by Mackley et al. (2013) In order to measure quantitatively the arm and liquid motion, this is recorded using a Photron FastCam SA3 high speed camera, at a frame rate of 500 frames/s. Image analysis is used to extract the angular position of the roller
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(bolus tail), the bolus front and the transit time. Finally, the residual liquid mass in the system is obtained by weighting.
Exploiting the advantages provided by the model swallowing experiment, the process parameters were varied independently to elucidate their effect on the liquid motion. In particular we considered the effect of the liquid viscosity 100 µ, the driving force F, the liquid volume V and the gap between the roller and the membrane h', see Table 1 .
The force and the pressure applied by the roller on the bolus increase during an experiment because of the transient motion and the inertia of the system.
This will be discussed after introducing the theory. The maximum driving force 105 at the roller F R and the pressure applied on the bolus P (R/bolus) can be estimated from a torque balance on the system at steady state:
F is the driving force generated by the mass m, r R is the roller radius (8 for using these data in this study. 
Theory
A theory was developed to interpret the flow observed during the artificial swallows and to assess the relative importance of the different phenomena.
We write the conservation of the angular momentum of the system, considering the system angular accelerationθ and total momentum of inertia, the 130 applied force and the viscous dissipation.
Exp. 
where L is the bolus length. Since the latter was observed to be almost constant during all experiments, the viscous dissipation can be easily derived from the roller velocity. β is an empirical correction of the Poiseuille expression that accounts for the non-circular section of the membrane and the squeezing action 140 of the roller. Considering β = 2 was found to guarantee a good agreement between theory and experiments. This value corresponds to the flow in an elliptical section with an aspect ratio of five and was kept constant throughout this study.
Experimentally, we have also observed the existence of a threshold in driving 145 force, F min that is required to propel the bolus through the flexible tube and depends on the bolus properties. Consequently the driving force F is substituted by F − F min .
After integration, the angular velocity of the roller (and bolus tail) reads :
3. Results and dynamic agreement of the bolus flow can be qualitatively appreciated in Figure 2 . A more detailed comparison will be the object of another publication (Mowlavi et al., 2015) .
The influence of the driving force on the flow was ascertained using a liquid viscosity µ = 0.053 Pa s and various applied forces. that the highest viscosity results in an increased residual mass, but intermediate viscosity levels do not influence significantly the residual mass. Figure 6b demonstrates that the residual mass increases strongly with the gap, independently of the driving force. Finally, Figure 6c shows that the liquid volume does not influence significantly the residual mass. 
Discussion
The duration of the oral phase of swallowing in the model experiment increases with increasing Newtonian viscosity and bolus volume and decreases with a higher driving force. A reduced applied force, that could be resulting from a weaker tongue, leads to longer transit times.
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The theory presented in this study describes quantitatively well the effect of these variables on the evolution of the velocity and allows identifying which mechanism dominates the flow, depending on process conditions and liquid The system presented in this study simulates much more closely the human physiology because it considers a spatially variable gap between the tongue 230 and the palate that can transport the bolus into the oesophagous (Figure 2 ).
However, this conclusion still holds, as shown by the flat isochronic curves in Figure 7 , when viscosity is lower than 0.1 P a s. Finally, the theoretical contour lines in Figure 7 suggest to which extent the applied force for swallowing should increase to counterbalance an increase in viscosity, while maintaining a constant 235 transit time.
A lower swallowing force has been shown to induce a decrease in bolus acceleration and velocity and an increase in the oral transit time. Clavé et al. (2006) observed the same effect in patients affected by brain damage or neurodegenerative conditions. Naturally, other perturbations of the swallowing process can be 240 linked to the same conditions and our model experiments do not currently have the ambition of replicating any specific condition, but rather to verify simple mechanical links between the well controlled parameters of this model system and the resulting liquid flow.
Our theory and experiments can also help formulating a hypothesis concern-245 ing the higher pressure measured at the back of the tongue, during swallowing, by Nicosia et al. (2000) . The tongue and the bolus are initially static and because of the initial acceleration and the tongue inertia, the force exerted by the roller on the liquid and its pressure increase over time. Therefore, the higher pressure measured at the back of the tongue might be simply caused by the lower 250 acceleration of the tongue and the bolus, when the latter transits throughout the back of the tongue.
A bolus residue after a swallow is generally not desired because it can potentially lead to aspiration after the airway protection is released. Increasing the gap between the roller and the palate leads to an increase in the bolus residual 255 mass as shown in Figure 6 . This effect could potentially explain the condition of some elderly patients with poor tongue mobility, resulting in incomplete sealing.
The high residual mass obtained with high gap explains also partly the lower observed transit time, because the volume of the bolus being transported in the tube decreases significantly during the swallow.
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For Newtonian liquids, the effect of the viscosity on residues is not very strong, as shown in Figure 6 , with the exception of the highest viscosity tested that generates more residues. Two mechanisms were considered to explain the increase of residues at high liquid viscosity. On one side the roller might slightly deform at high liquid viscosity, thus increasing the effective gap and the resulting 265 residual film. This hypothesis could be discarded by considering that the roller elastic modulus is approximately 2500 MPa and the maximum pressure 17 kPa, leading to a maximum strain below 10 −5 . The maximum deformation of the roller is therefore always negligible with respect to the gap. Nevertheless, the effect of using rollers with an increased compliance and/or roughness certainly 270 deserves to be studied in the future. Another mechanism that could explain the residue increase when high viscosity liquids are swallowed, is a reduced effectiveness of the peristaltic flow. Brown and Hung (1977) considered the steady viscous flow induced by a peristaltic wave in a bi-dimensional channel.
When the wave amplitude is much smaller than the wavelength, the transported 275 flow rate decreases when the liquid viscosity increases, which would be consistent to observing a residue increase in our configuration. Brown and Hung (1977) claimed also that this trend reverses for finite amplitude to wavelength ratios, Finally, our experimental results suggest also a weak dependence of oral residues on bolus volume. Splitting a bolus in several smaller volumes could therefore increase the cumulated residual mass. However, it should be underlined that this conclusion considers only the residues in the oral phase and not 290 the likelihood of aspiration during swallowing, nor pharyngeal residues, since the flow in the pharynx is not accounted for in this study.
Beside the already mentioned geometrical simplification of the oral cavity, several other assumptions would deserve being refined in future studies. Given the fast dynamics, this study assumes that no active control takes place during 295 swallowing and that the process takes place under the action of an imposed force. A more detailed comparison of the dynamics of model experiments and in vivo flow will be the focus of another publication (Mowlavi et al., 2015) .
Several other extensions of this study can be envisaged to pave the way toward a holistic mechanical model of swallowing : considering other physiological pro-cesses involving the pharynx and the epiglottis, the risk of aspiration during swallowing, the flow of non-Newtonian liquids or saliva lubrication.
Conclusions and perspectives
We have developed a quantitative model experiment that helps understanding the oral phase of swallowing, based on a qualitative prototype originally 305 designed by Mackley et al. (2013) .
We have compared this experiment with in vivo ultrasound observations and used it to study quantitatively the changes in transit time induced by varying the applied force and/or the viscosity of a Newtonian liquid. We have established a realistic theory that highlights the existence of two different regimes:
310 an initial constant acceleration regime, possibly followed by a regime at constant velocity, dominated by the viscous dissipation. The liquid viscosity has, conversely, no effect on the initial regime. A poor tongue-palate sealing (i.e. a higher gap) and a very high liquid viscosity lead to a higher liquid residue, while the latter does not depend on the liquid volume. This study provides a 315 mechanistic explanation to some in vivo observations from other studies, for instance the fact that increasing too much the liquid viscosity can induce higher residues, beside slowing down the swallowing process enough to obtain an effective airway closure. Furthermore, the theory shows that inertia can explain why during swallowing the liquid pressure is higher at the back of the tongue. 
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